Fluorescein isothiocyanate (FITC)-conjugated phosphodiester and phosphorothioate oligonucleotides were used in four-color flow cytometry with murine bone marrow cells stained with monoclonal antibody specific for the ditferentiation markers 8220. S7 (CD43), and BP-l to show possible stage-specific oligonucleotide,uptake. Relatively low uptake was observed among pre-Pro-and early Pro-B cells. Late Pro-B-and pre-B cells had increased oligonucleotide uptake, whereas B cells had a lower level. Cell membrane binding of oligonucleotides varied during B-cell differentiation in par-NTISENSE oligodeoxynucleotides (ODNs) have become a widely used research tool. By blocking gene translation in a sequence-specific manner, antisense ODNs can provide very useful information on the function of genes of interest. Originally exploited solely for the experimental regulation of gene expression in studies of cultured cell lines, antisense ODNs have been increasingly applied to investigations using primary cell cultures or in vivo administration.',' Despite these rapid strides in developing applications for antisense ODNs, many of the relevant basic mechanisms remain poorly understood.
NTISENSE oligodeoxynucleotides (ODNs) have become a widely used research tool. By blocking gene translation in a sequence-specific manner, antisense ODNs can provide very useful information on the function of genes of interest. Originally exploited solely for the experimental regulation of gene expression in studies of cultured cell lines, antisense ODNs have been increasingly applied to investigations using primary cell cultures or in vivo administration.',' Despite these rapid strides in developing applications for antisense ODNs, many of the relevant basic mechanisms remain poorly understood.
For an antisense oligonucleotide to have an effect, it must first enter the target cell. ODN uptake in cell lines is saturable, sequence independent, and temperature and energy dependent. 3 Although there is some evidence to suggest that such uptake may occur through an 80-kD membrane prot e i~~:~ the gene for this has not yet been cloned or further characterized. Unfortunately, the mechanism(s) of ODN uptake into primary cells has not been investigated as thoroughly as in cell lines.
Antisense ODNs have been used by several research groups investigating the role of various oncogenes in hematopoiesis and mit~genesis.~"~ Such studies have generally been performed in cell lines. It would be of great interest to study hematopoiesis and B-cell differentiation in primary cells using antisense ODNs. If ODN uptake were heterogeneous among different subsets of primary cells, the interpretation of these experiments could be altered. Indeed, we have previously shown that, although oligonucleotide uptake in allel with internalization, which was documented by confocal microscopy. An FITC-conjugated polyanionic dextran sulfate also showed differentiation-related B-cell association, suggesting the presence of cell membrane binding sites specific for polyanions as opposed to a unique feature of the DNA backbone. Interpretation of antisense experiments in murine bone marrow cells will need to account for the heterogeneous oligonucleotide uptake among ditferentiating B cells. 0 1994 by The American Society of Hematology.
murine spleen cells was saturable and temperature dependent, like uptake in cell lines, this uptake was quite heterogenous: cultured B cells had much higher uptake than T cells."
One of the most popular methods for studying the cellular uptake of oligonucleotides has been the use of radiolabeled oligonucleotides. Unfortunately, the results of experiments using end-labeled oligonucleotides can be affected by cellular pho~phatases.'~.'' Another important caveat to the interpretation of studies using radiolabeled oligonucleotides is that dead cells can have much higher oligonucleotide uptake than live cells.'s-'O Thus, differences in the uptake of radiolabeled oligonucleotides between different cell populations could result from variations in the proportion of dead cells unless this has been carefully controlled. A further limitation of using radiolabeled oligonucleotides for studies of heterogeneous cell populations (such as primary cells) is that this technique does not allow one to readily distinguish whether uptake results from many cells taking up a modest amount of oligonucleotide or from a cell subpopulation taking up a great deal.
Flow cytometry offers an attractive alternative to radiolabeled oligonucleotides for determining whether oligonucleotide uptake in primary cells is heterogeneous or uniform. Using a two-laser cytometer, cells can be cultured with fluorescein isothiocyanate (FITC)-conjugated oligonucleotides and then stained with three different cell subset-specific monoclonal antibodies (MoAbs) conjugated to three different dyes fluorescing at distinct wavelengths. Data are analyzed by gating on the desired combination of antibody staining characteristics to determine the relative levels of oligonucleotide uptake in each cell subpopulation of interest.
Progenitor bone marrow (BM) cells committed to the Bcell lineage, all of which express the B220 marker, can be readily studied using flow cytometry. The pre-Pro-B, early and late Pro-B, Pre-B, and B-cell stages can be distinguished by their differential expression of several cell surface molecules, including heat-stable antigen, and determinants recognized by S7 and BP-l.*' The S7 MoAb recognizes CD43 (referred to as S7 herein), which is expressed in B-cell precursors up to the Pre-B cell stage of differentiation*'and is also expressed in most myeloid cells. The BP-l MoAb detects a cell surface protein (termed BP-l herein) that is expressed on the large proliferating late pro-B-and pre-Bcell populations but not on earlier or later B-cell precursors.''~22 In the present study, we used four-color flow cytom- For personal use only. on November 16, 2017. by guest www.bloodjournal.org From etry with FITC-oligonucleotides and antibodies to these determinants to investigate whether oligonucleotide uptake may be a stage-specific marker of B-cell differentiation. We also studied the temperature and oligonucleotide backbone dependence of uptake by murine BM B-cell progenitors.
MATERIALS AND METHODS
Mice. DBN2 mice were bred and housed in the University of Iowa specific pathogen-free animal care unit with free access to food and water. NZB mice were purchased from The Jackson Laboratory (Bar Harbor, ME). At 6 to 8 weeks of age, they were killed by cervical dislocation and BM cells were prepared sterilely for further study.
Oligonucleotides. FITC was conjugated to the oligonucleotides through the 5'-hydroxyl using a fluorescein amidite (Pharmacia, Piscataway NJ). In the text, FITC-0-oligonucleotide refers to phosphodiester oligonucleotides bearing a 5' fluorescein and FITC-S-oligonucleotide refers to phosphorothioates bearing a 5' fluorescein. Oligonucleotides were synthesized on an Applied Biosystems Inc (Foster City, CA) model 394 DNA synthesizer. Phosphodiester oligonucleotides were synthesized using standard p-cyanoethyl phosphoramidite chemistry. Phosphorothioate linkages were introduced by oxidizing the phosphite linkage with elemental sulfur instead of the standard iodine 0xidation.2~ Oligonucleotides were deprotected by treatment with concentrated ammonia at 55°C for 12 hours and were purified by gel exclusion chromatography and polyacrylamide gel electrophoresis and lyophilized to dryness before use. The ratio of absorption at 490 nm and 260 nm was identical for the different oligonucleotides, indicating that they were equivalently pure. Heteropolymer oligonucleotides conjugated to Cy3.18 were synthesized as described." Each modified FITC-oligonucleotide was synthesized with two different sequences (5' GAGAACGCTGGACCT-TCCAT 3' and 5' TGCTAGCTGTGCCTGTACCT 3'). Because there was no apparent difference in cellular uptake in initial experiments, these two sequences were used interchangeably in subsequent experiments.
Cell cultures. Murine BM cell cultures were set up by preparing single-cell suspensions, washing twice, and culturing 5 X IOs cells in 1501 RPMI-1640 media containing 10% heat-inactivated fetal bovine serum, 50 p m o K 2-ME, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mmoYL L-glutamine at 37°C. 5% CO,, and 100% humidity. Where indicated, 1 pg of FITC-oligonucleotide or FITC-dextran was added at the beginning of culture. Dead cells were eliminated by purification over lymphocyte M (Accurate Chemical CO, Westbury, NY) before analysis.
Antibodies and reagents. Phycoerythrin (PE)-6B2 was purchased from Pharmingen (San Diego, CA). Texas Red-avidin (used to detect biotin MoAb) was purchased from Vector Labs (Burlingame, CA). Antibody biotinylation was performed using standard techniques. Cyanine-5 conjugated antibodies were prepared using a commercial kit from Biological Detection Systems (Pittsburgh, PA) according to the manufacturers instructions. Polyanionic FITC-dextran (molecular weight [MW] l0,OOO) was purchased from Molecular Probes (Eugene, OR). PE-avidin was purchased from Leinco (St Louis, MO).
Flow cytometry. Cells for flow cytometry were washed and stained in Hank's balanced salt solution (HBSS) with 0.01% sodium azide with the indicated antibodies for 30 minutes at 4°C using 1 pg 24G2 (anti-FcR) and normal rabbit serum to block nonspecific binding. Data on viable cells (30,000 per sample) were collected by four-color flow cytometry on an EPICS 753 (Coulter, Hialeah, FL) equipped with a 3-decade log amplifier and two 400-mW lasers: a 488-nm argon-ion laser and a 600-nm Rhodamine 6G dyehead laser, Mean FlTC fluorescence was converted from channel number. Bone marrow cells were set up at 37°C in culture essentially as described in the Materials and Methods, except that 8 x lo5 cells were cultured in 0.5 mL medium for 48 hours. Three micrograms of FITC-S-oligonucleotide (final concentration, 1 pnol/L) was added to each sample at the appropriate time after initiation of culture to allow uptake for the times shown. To study efflux, cells were cultured with FITC-S-oligonucleotide for 12 hours, washed, and then cultured at 37°C in medium without oligonucleotide for the times indicated. All samples were then washed and stained together with biotin-BP-l and Cyanine-5-GB2 followed by PE-avidin. Propidium iodide was added immediately before analysis and the data were gated on B220', PIcells.
Data were analyzed using Coulter Elite software after gating on living lymphocytes. All experiments shown were performed at least t h r e times with similar results. For experiments using all four colors, "living lymphocytes" were defined by forward versus orthogonal gates. Some experiments were performed in which viability was confirmed by propidium iodide exclusion. Propidium iodide was evaluated and therefore, staining was limited to cyanine-5-BP-l and PE-6B2 (see, eg, Table 1 ). This finding showed that the differential oligonucleotide uptake between the 6B2+ BP-1-and 6B2+ BP-l' populations did not result from variations in cell viability. Isotype control antibodies were used to determine nonspecific staining. Band pass filters were at 525 (FiTC), 575 (PE), 635 (Texas red), and 670 (Cyanine 5). In some experiments, a FACScan (Becton Dickinson, Mountain View, CA) containing a 15-mW argon-ion laser was used with Lysis II software.
Confocal microscopy. Confocal microscopy was performed after cell culture as described above using a BioRad (Richmond, CA) MRC600, with a kryptodargon laser and Nikon (Melville, NY) optiphoto optics with a 6OX 1.4 NA objective, and images were printed with a Sony UP5000 video printer. Cells were washed at 4°C but not fixed and were immediately analyzed under coverslips in HBSS. In some experiments, a temperature-controlled stage was used to maintain samples at 4°C.
RESULTS
Determination of B-cell progenitor gates. B220+ mouse BM B-cell progenitors can be divided into distinct maturational stages based on their surface staining for S7 and BPl." To distinguish these stages, gates were then set on the S7' and S7-and the BP-l' and BP-l-subsets of the B220' population (Fig 1A and B) . As reported by Hardy et al : '
the B220+S7+ had the lowest levels of B220 and were less ZHAO ET AL common than B220+S7-cells. Combinations of the appropriate gates could thus distinguish pre-pro-and early pro-B cells (B220fS7+BP-1-) from late pro-B cells (B220' S7+BP-l+), pre-B cells (B220+S7-BP-l'), and B cells (B220+S7-BP-1-).2' In separate experiments, the validity of this gating and the consistency of our staining with that of Hardy et a12' was confirmed using additional MoAb including MU69 (heat-stable antigen) and sIg (not shown). Early pro-B cells and pre-pro-B cells, which are both B220+ S7+BP-1-, can be distinguished by their staining for heatstable antigen.'l These populations had no substantial difference in oligonucleotide uptake, and so are shown together in the figures as pre-pro-B.
Cellular association of oligonucleotide in progenitor B cells is stage spec$c.
BM cells were cultured with FITColigonucleotides as described in Materials and Methods, washed, and stained as described above to enable gating on four stages of B-cell differentiation. FITC histograms of these gated populations showed relatively low oligonucleotide uptake in the pre-pro-B-and B-cell populations, but higher uptake in the pro-B-and pre-B-cell populations (Fig  2) . Uptake was uniformly low among Thy]+, B220-BM Tcell precursors (not shown). This differential uptake did not appear to be an artifact of the RTC tag on the oligonucleotide because it was also seen in separate experiments using oligonucleotides labeled with Cy 3.18, a fluorochrome with distinct physicochemical propertiesz4 (data not shown). At the 4-hour time point studied, there is relatively little degradation of the FITC-O-oligonucleotide2' (data not shown).
Similar patterns of uptake were seen in nonautoimmune DBN2 and autoimmune NZB mice (Fig 2) . Slightly increased uptake was present in the most mature subset of NZB BM B cells, which may be caused by the fact that NZB B-cell precursors show increased spontaneous activat i~n~~ and that oligonucleotide uptake is increased among activated cells.'s Temperature and backbone dependence of oligonucleotide uptake. To investigate the temperature dependence of oligonucleotide uptake, cells were cultured with oligonucleotide at 4°C and compared with those cultured at 37°C. FITColigonucleotide binding to cell membranes at 4°C was specific in all cell subsets because it was competed by unconjugated phosphorothioate competitor using previously described methods.'" In addition, we compared the relative levels of uptake of FITC-0-and FITC-S-oligonucleotides and a polyanionic FITC-dextran of similar MW. The FITC-S-oligonucleotides showed substantially increased binding to all cell subsets compared with the unmodified backbone (Fig 3) . The polyanionic dextran was studied because of our preliminary data indicating that it binds to the same cell surface sites as oligonucleotides and has similar intracellular localization by confocal microscopy (not shown). Cellular association of both oligonucleotides and the polyanionic dextran was temperature-and time-dependent (Fig 3) .
Even in the cells cultured on ice, there was a modest but consistent increase in the level of oligonucleotide present in the late pro-B and pre-B cells compared with that in the other B-cell stages, suggesting that the former cells have higher levels of membrane oligonucleotide binding sites. Both oligonucleotides and the polyanionic dextran showed the same pattern of preferential association with the late pro-B and pre-B cells at both temperatures. These cells were slightly large?6 and had slightly higher levels of autofluorescence than the pre-pro-B and B cells (compare "no oligo" histograms, Fig 3) , but this was still below the level seen with oligonucleotides or dextran. By gating on small or large cells within each subsetI5 and by examining the forward scatter profiles of the subsets, we verified that the differential uptake among the subclasses could not be attributed to differences in cell volume or surface area (data not shown). Although the oligonucleotides could readily compete the surface binding of the FITC-dextran, an unconjugated polyanionic dextran had little reproducible effect on FITC-0-oligonucleotide cell binding (data not shown).
Time course of oligonucleotide uptake and eflux. BM cells were cultured for 48 hours at 37°C and FITC-S-oligonu-
cleotide was added at various time points. For efflux studies, the oligonucleotide was washed out the indicated number of hours before flow cytometry analysis (Table 11 ). Because the B220+ S7' BP-1-and B220+ S7-BP-1-subsets had low oligonucleotide uptake and the B220+ S7+ BP-l+ and B220+ S7-BP-l+ subsets had high oligonucleotide uptake, those subsets were pooled into two groups: B220+, BP-1-and B220+, BP-1 + (Table l) . This pooling enabled us to use the detector that had been devoted to S7 for propidium iodide instead, thereby ensuring that the cells analyzed were viable. These studies confirmed that at every time point during FITC-S-oligonucleotide uptake and efflux, oligonucleotide levels were higher among the B220+, BP-l+ cells (Table l) . 50% in both cell subsets after 3 hours of efflux ( Table 1 ) . Uptake was more gradual in BM cells that had not been precultured for 48 hours (data not shown).
FkKmrcence Intensity
Intracellular oligonucleotide localization. The temperature dependence of cellular oligonucleotide association seen in the experiments above suggested the possibility that the fluorescence seen in cells cultured with oligonucleotide at 4°C was caused by binding to the cell surface and that cell culture at 37°C resulted in oligonucleotide internalization. To test this hypothesis, we used confocal microscopy. In cells cultured on ice, FITC-oligonucleotide was located solely on the cell membrane by confocal microscopy; in cells cultured at 37"C, oligonucleotide was present intracellularly (Fig 4 and data not shown) . Autofluorescence was not detectable under the conditions used. Among cells that took up FITC-oligonucleotide, fluorescence was typically speckled and cytoplasmic with very little nuclear fluorescence (Fig  4) . Both FITC-0-oligonucleotides and FITC-S-oligonucleotides showed similar patterns of localization, but the level of fluorescence was typically higher in cells cultured with the FITC-S-oligonucleotides.
DISCUSSION
The interpretation of experiments using antisense oligonucleotides in vivo or in primary cell cultures is critically dependent on whether cell uptake is homogeneous or heterogeneous. With this in mind, the present study was performed to determine the relationship, if any, between oligonucleotide uptake and murine BM cell differentiation.
As previously described by Hardy et al,21.22 B-lineage lymphocytes pass through several sequential stages with distinct expression of cell surface molecules as they develop from their hematopoietic progenitors. Using flow cytometry, we could readily distinguish FITC-oligonucleotide uptake among pre-Pro-and early Pro-B cells (B220'S7+BP-l-) from late Pro-B cells (B220+S7+BP-I'). Pre-B cells (B220+S7-BP-l+), and B cells (B220+S7-BP-l-). We found that uptake was quite low among the pre-Pro-and early Pro-B cells, increased in the BP-l + late Pro-B-and Pre-Bcell populations, and was lower among mature B cells. By examining cell association of FITC-oligonucleotide in cells cultured at 4"C, we showed that the level of cell membrane oligonucleotide binding differed among cell subsets in the same way as cell association at 37°C.
Our analysis of the time course of FITC-S-oligonucleotide uptake into and efflux from murine BM cells showed that, in both the BP-1 + subsets with relatively high uptake and the BP-l -subsets with low uptake, the levels of cell-associated oligonucleotide plateaued after culture at 37°C for 3 hours. Efflux was gradual, with approximately 50% decrease in cell-associated fluorescence by 3 hours. Previous studies of oligonucleotide uptake in various cell lines have found that a plateau in uptake is reached after from 1 h o d 7 to more than 6 to I2 However, interpretation of some of these data using radiolabeled oligonucleotides is not straightforward (both for the reasons given in the introduction and because the oligonucleotides were not shown to be intact, leaving open the possibility that the label may have been released from degraded oligonucleotide and incorporated into cellular nucleic acids). As shown previously, FITCphosphorothioate oligonucleotides are highly stable in cells~'1~3' thus avoiding these problems.
Confocal microscopy showed that oligonucleotide is internalized by living BM cells and shows a somewhat stippled predominantly cytoplasmic localization, compatible with endocytotic uptake. There was very little nuclear localization. This is similar to oligonucleotide distribution within spleen c e I l~.~~* '~ These studies are in agreement with those of other investigators conducted in cell lines using a variety of techgenerally only reported in studies using microinjection of oligonucleotides or in dead cell^."^^^ From these and other unpublished studies, it appears increasingly likely that the rate-limiting step in antisense oligonucleotide efficacy may be an exit from the endosomes. Exit from the endosomes is likely followed by rapid nuclear ~p t a k e .~' .~~.~~
The oligonucleotide backbone appears to have little effect on this localization, although it can be dramatically altered by conjugation of lipophilic group^.^*.^' Of note, the stages with the highest oligonucleotide uptake are the same as those with the highest rate of proliferation.26 This may be related to our previous findings of markedly increased oligonucleotide uptake in mitogen-stimulated peripheral B cells." A possible explanation for increased oligonucleotide uptake among proliferating cells is their need to obtain sufficient nucleic acids to double their DNA content." This finding may explain why cell lines have generally been found to have higher rates of oligonucleotide uptake than do primary cell lines.
Oligonucleotide binding to cell membranes was specific in that it was competable. However, the cell membrane DNA niqUes.3.4.2X..' 3-37 Indeed, predominant nuclear localization is For personal use only. on November 16, 2017. by guest www.bloodjournal.org From
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binding sites appear to bind other polyanions beside oligonucleotides. Our studies with FITC-dextran, a polyanion that had a similar MW to the FITC-oligonucleotides, show similar preferential uptake among late Pro-B and Pre-B cells, suggesting that the cell membrane DNA binding sites may be specific for polyanions rather than a unique feature of the DNA backbone. The differential uptake of oligonucleotides by different cell populations has implications both for research studies using oligonucleotides with cultured BM cells and for in vivo therapeutic trials of antisense therapy. It cannot be assumed that oligonucleotide uptake will be uniform among different cell populations or cells at varying stages of differentiation.
